Introduction {#s1}
============

Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia, affecting up to six million people in the United States^[@r1]^ and more than 35 million individuals worldwide.^[@r2]^ The incidence and prevalence of AF are increasing rapidly and, by 2030, it is expected that up to 12 million people in the US will have AF.^[@r3]^ Thromboembolism, including stroke, represents the most common AF-related morbidity and mortality,^[@r4]^ and data indicate that anticoagulation can mitigate the risk of stroke by 65%.^[@r5]^ Our understanding of thromboembolism in AF, however, remains incomplete, and the mechanisms by which AF increases thromboembolic risk are areas of ongoing investigation and debate.^[@r6]^ Current guidelines also do not consider the frequency and duration of AF episodes (AF burden) when deciding which patients with AF should be treated with anticoagulation for thromboembolic risk reduction.^[@r7]^ Recent data primarily using cardiac implantable electronic devices (CIEDs) such as pacemakers, implantable cardioverter-defibrillators (ICDs), and implantable loop recorders (ILRs) have challenged the longstanding idea that AF burden does not influence thromboembolic risk. Continuous and automated cardiac rhythm monitoring with accurate and rapid acquisition and transmission of rhythm data via CIEDs also affords the opportunity to study the relationship between AF burden and thromboembolism and novel ways to reduce thromboembolic risk while minimizing the risk associated with chronic anticoagulation use.

Origins of the associations between atrial fibrillation and thromboembolism {#s2}
===========================================================================

William Wood first described a left atrial thrombus in a patient with mitral stenosis more than 200 years ago.^[@r8]^ A clearer association between what was at the time termed "auricular fibrillation" and atrial thrombosis was not appreciated, however, until the 1930s.^[@r9]^ Although a clear association between AF and thromboembolism was observed in patients with rheumatic heart disease and mitral stenosis,^[@r10]^ the link between AF and thromboembolism in patients without rheumatic heart disease was not well-recognized until a seminal analysis of the Framingham Heart Study was conducted in the 1970s, which demonstrated that chronic AF without rheumatic heart disease was associated with a more than fivefold increase in the risk of stroke.^[@r11]^ In the 1980s, a link between paroxysmal AF and increased rates of thromboembolic complications in chronic versus paroxysmal AF was observed.^[@r12]^ Multiple large clinical trials have since confirmed a clear association between AF and thromboembolism in patients with paroxysmal, persistent, or chronic AF and a reduction in thromboembolic complications with the use of anticoagulation.^[@r5],[@r13]--[@r17]^ Yet, despite the wealth of evidence supporting an association between AF and thromboembolism, the actual mechanism(s) of stroke and systemic embolism in patients with AF remain unclear and under investigation.^[@r6]^

Current decision support for which patients should receive anticoagulation {#s3}
==========================================================================

The CHADS~2~ score, one of the most ubiquitous scoring systems in all of medicine, has long been the gold standard for assessing thromboembolic risk associated with AF and the need for anticoagulation.^[@r18]^ More recently, the updated CHA~2~DS~2~-VASc score has been validated and incorporated into the most recent AF guidelines of all major cardiovascular societies.^[@r7],[@r19]^ Both scoring systems include the risk factors of congestive heart failure, hypertension, diabetes mellitus, and prior stroke or transient ischemic attack. However, the CHA~2~DS~2~-VASc score emphasizes the important relationship between age and thromboembolism, assigning two risk points for age ≥ 75 years and one risk point for age ≥ 65 years (versus one risk point for age ≥ 75 years in the original CHADS~2~ score). The CHA~2~DS~2~-VASc score also adds female gender and vascular disease as thromboembolic risk factors, although controversy exists about the relative risk associated with these risk factors in comparison with others (which are all assigned equal risk in the score). The main strength of the newer CHA~2~DS~2~-VASc score is its ability to identify a specific low-risk population (score: 0 points) who have a very low thromboembolic risk and who can reasonably be treated without systemic anticoagulation. Unfortunately, only 5% to 10% of the AF population (and no women with AF) meet this criteria.^[@r20]^

There is overall consensus that, in patients with a CHA~2~DS~2~-VASc score ≥ 2, systemic anticoagulation with an oral anticoagulant with either adjusted-dose warfarin or a new direct oral anticoagulant (DOAC) is indicated. For patients with a CHA~2~DS~2~-VASc score of 1, European guidelines recommend anticoagulation, whereas US guidelines suggest that either anticoagulation, aspirin use, or no anticoagulation are equally appropriate options. Controversy also exists regarding whether those with a CHA~2~DS~2~-VASc score of 2 due to certain risk factors require anticoagulation, because, although all risk factors in the score are given relatively equal weight (with the exception of age \> 75 years and a history of stroke or transient ischemic attack), some studies have suggested that all risk factors may not be equal in terms of their influence on thromboembolic risk.^[@r21],[@r22]^

Atrial fibrillation burden and thromboembolic risk {#s4}
==================================================

Notably absent from the CHADS~2~/CHA~2~DS~2~-VASc scoring systems is the frequency and/or duration of AF episodes (AF burden). Furthermore, current guidelines do not consider AF burden when evaluating a patient's risk of thromboembolism and their need for systemic anticoagulation. There is therefore inconsistency in the current AF guidelines, where the decisions to initiate and continue anticoagulation are independent of AF burden, but thromboembolic risk in the pericardioversion period is thought to remain relatively low for the first 48 hours.^[@r7]^ This "48-hour rule," where it is acceptable to perform a cardioversion without first excluding a left atrial thrombus via transesophageal echocardiogram in the first 48 hours, however, is based on a relatively small, nonrandomized study,^[@r23]^ and no randomized controlled trial data exist to definitively support 48 hours as being a "safe" cutoff time period for thrombus formation. In fact, more recent data obtained from patients with pacemakers and ICDs that have the ability to precisely detect short, subclinical, and asymptomatic AF episodes have demonstrated that the risk of thromboembolism in AF begins to increase much earlier than at 48 hours after AF onset (see below).

It would seem logical that AF-associated intracardiac thrombus formation should be a time-dependent phenomenon. However, this has been difficult to prove due to the fact that episodes of AF can be asymptomatic and it can therefore be difficult to determine the exact onset of an AF episode by patient report. In fact, multiple studies have demonstrated that patient-reported symptomatic AF episodes are poorly correlated with device-detected AF episodes. In the Suppression of Paroxysmal Atrial Tachyarrhythmias (SOPAT) trial, only 46% of AF episodes detected on event monitors were symptomatic.^[@r24]^ Asymptomatic AF recurrences are even more common following catheter ablation for AF.^[@r25],[@r26]^

Additionally, until recently, there were data showing that AF burden did not influence the risk of thromboembolism associated with AF. Older studies such as the AF Clopidogrel Trial with Irbesartan for Prevention of Vascular Events (ACTIVE W)^[@r27]^ and the Stroke Prevention in AF (SPAF) study^[@r28]^ found no significant difference in thromboembolic risk in patients with paroxysmal or chronic AF. Studies that have investigated rhythm control of AF, such as the AF Follow-up Investigation of Rhythm Management (AFFIRM) study, also demonstrated a significantly increased risk of stroke in patients who stopped anticoagulation despite being in sinus rhythm, although, in retrospect, this is likely secondary to the fact that antiarrhythmic therapy for AF is not 100% effective and many of these patients may have had asymptomatic AF that was not clinically detected.^[@r29]^ Multiple other observational studies have also found no significant differences in stroke rates between those with paroxysmal and persistent AF.^[@r5],[@r30]^

However, all of these studies defined paroxysmal AF with surface electrocardiograms (ECGs) performed during physician visits that occurred months apart, and, as such, these studies therefore incompletely assessed AF burden and likely underestimated the true frequency and duration of AF episodes. These studies also suffer from limitations in statistical power; a large number of patients and events are needed to find a difference in thromboembolic events among those with paroxysmal and persistent/chronic AF. In fact, a more recent secondary analysis of the very large Apixaban for Reduction in Stroke and Other Thromboembolic Events in AF (ARISTOTLE) trial with more than 18,000 patients revealed a lower risk of thromboembolic events in patients with paroxysmal AF versus in those with persistent/permanent AF.^[@r31]^

Remote monitoring to determine atrial fibrillation burden and stroke risk {#s5}
=========================================================================

CIEDs, including pacemakers, ICDs, and ILRs, offer a precise method of defining AF burden that does not rely on patient-reported symptoms or frequency of surface ECGs. Although algorithms for AF detection are not perfect (they can result in both false-positive and false-negative detections), they have improved substantially and, coupled with automatic remote monitoring capabilities, they allow for accurate and near-real-time detection of AF burden **([Figure 1](#fg001){ref-type="fig"})**.^[@r32]^

Several studies have taken advantage of these advances in continuous cardiac rhythm monitoring to investigate risk thresholds for AF burden and thromboembolic risk **([Table 1](#tb001){ref-type="table"})**.^[@r32]--[@r41]^ In a secondary analysis of the Mode Selection Trial (MOST), which followed 312 patients with dual-chamber pacemakers for a median of 27 months, atrial high-rate episodes (AHREs) lasting five minutes or more were associated with a significant increase in the risk of death or nonfatal stroke \[hazard ratio (HR): 2.79, 95% confidence interval (CI): 1.51--5.15; p = 0.0011\].^[@r33]^ A similar study using a prospective registry of 725 patients with dual-chamber pacemakers followed for a median of 22 months found that AF episodes lasting between five minutes and 24 hours in length were not associated with a significant increase in thromboembolic risk, but that episodes lasting more than 24 hours were independently associated with a threefold increase in the hazard of thromboembolic events (HR: 3.1, 95% CI: 1.1--10.5; p = 0.044).^[@r34]^

The Asymptomatic AF and Stroke Evaluation in Pacemaker Patients and the AF Reduction Atrial Pacing Trial (ASSERT) monitored 2,580 patients aged older than 65 years with dual-chamber pacemakers or ICDs, no history of AF, and a CHADS~2~ score of 2.3 ± 1.1 for a mean of 2.5 years. In this population, subclinical AHREs \[defined as an atrial rate of more than 190 beats per minute (bpm) lasting for more than six minutes as detected on the CIED\] were discovered in 25% of patients. The annual rate of thromboembolism was 1.7% in patients with AHREs lasting more than six minutes versus 0.7% in patients without such episodes (HR: 1.49, 95% CI: 1.28--4.85; p = 0.007). Additionally, if the longest AHRE was less than 17.7 hours, then the annual rate of stroke or systemic embolism was 1.2%, versus a rate of 4.9% if the longest AHRE recorded was more than 17.7 hours. The total duration but not total number of AHREs correlated with thromboembolic risk, suggesting that the total duration of all AF episodes was more important than AF episode frequency in defining "AF burden" and its relationship with thromboembolic risk.^[@r37]^ Notably, the absolute risk of thromboembolism observed in ASSERT was lower than that observed in other studies investigating thromboembolic risk in AF.^[@r42]^ It is also difficult to draw direct comparisons between the results from ASSERT and other modern AF trials because none of the ASSERT patients were on anticoagulation at the time of enrollment and only 18% received anticoagulation during follow-up,^[@r37]^ while anticoagulation is the standard of care for clinically recognized AF.

Further support for an association between AF burden and thromboembolism was seen in a prospective study of 568 patients after dual-chamber pacemaker implantation. During one year of follow-up, 14 patients (2.5%) experienced a thromboembolic event. A relationship between AF burden and CHADS~2~ score was seen only in patients with intermediate thromboembolic risk (CHADS~2~ score: 1--2), but not in patients with low (CHADS~2~ score: 0) or high (CHADS~2~ score: ≥ 3) scores **([Figure 2](#fg002){ref-type="fig"})**. Interestingly, thromboembolic risk was similar (5.0%) between patients with a CHADS~2~ score of 1 and continuous AF and those with higher CHADS~2~ scores and any AF burden. Similarly, patients with a CHADS~2~ score of 2 and no AF had a low risk of thromboembolism (0.8%) equivalent to the risk in a patient with a CHADS~2~ score of 1 and short episodes of AF or that in a patient with a CHADS~2~ score of 0 and any AF burden.^[@r35]^ These results support the concept that patients who have a low-to-intermediate risk of thromboembolism might be safe without continuous anticoagulation during long periods with a very low burden of AF or during prolonged periods of sinus rhythm.^[@r35]^

Newer-generation external cardiac monitors have also demonstrated an association between AF burden and thromboembolism. The Real-world Heart Monitoring Strategy, Evaluation, Treatment Patterns and Health Metrics in AF (RHYTHM) study was a retrospective evaluation of patients with paroxysmal AF who underwent continuous ECG monitoring for up to two weeks using the ZIO® system (iRhythm Technologies, Inc., San Francisco, CA, USA). Each twofold increase in AF burden was associated with a 33% increase in thromboembolism independent of other stroke risk factors.^[@r43]^

However, not all studies evaluating AF burden with CIEDs have found a clear association between short AHREs and thromboembolism. The Prospective Study of the Clinical Significance of Atrial Arrhythmias Detected by Implanted Device Diagnostics (TRENDS) study evaluated 2,486 patients with at least one CHADS~2~ risk factor and a pacemaker or ICD with the ability to record AF episodes/AHREs over 1.4 years of follow-up. The study demonstrated increased thromboembolic risk in patients with AHREs lasting more than 5.5 hours versus those with AHREs lasting less than 5.5 hours (2.1% versus 1.1%).^[@r36]^ However, among 40 patients who developed a thromboembolic event during the study, only 11 had an AHRE detected within one month prior to thromboembolism. Another study of 560 patients with heart failure and biventricular ICDs noted similar findings. They found that patients with AHREs lasting more than 3.8 hours per day had a significantly increased risk of stroke or systemic embolism (HR: 9.4; p = 0.006) in comparison with those without AHREs. However, only three of the 11 patients with thromboembolism were in AF at the time of stroke.^[@r38]^ Even in the ASSERT trial, where there was a clear relationship between subclinical AHREs, a clear temporal association between episodes of AHREs and thromboembolism was not observed: 51 patients had a thromboembolic event but only 26 (51%) of these individuals had subclinical AHREs identified around the time of the event. Furthermore, of these 26 patients with identified AHREs, only four had AHREs within 30 days and only one had AHREs at the time of thromboembolism. Importantly, the CHADS~2~ and CHA~2~DS~2~-VASc scores in the patients who experienced thromboembolism were 2.8 ± 1.1 and 4.5 ± 1.2, respectively.^[@r44]^

Possible explanations for conflicting data in remote monitoring for atrial fibrillation {#s6}
=======================================================================================

This conflicting data on the associations between CIED-detected AF burden/AHREs and the timing of thromboembolic events likely stems from several limitations within these studies. First, stroke diagnosis was often defined by clinical examination and not magnetic resonance imaging due to the presence of CIEDs in these patients.^[@r32]^ This not only limited the accuracy of stroke diagnosis but also impaired the adjudication of the mechanism of the stroke (thromboembolic versus other). Furthermore, those with very high CHADS~2~ and CHA~2~DS~2~-VASc scores make up an overall sicker population with elevated rates of stroke, even without AF.^[@r45]^ This again raises the possibility that, in some patients, atrial stasis from AF may not be the primary driver for AF-related thromboembolism; perhaps, the presence of AF is a marker for other pro-inflammatory and potentially hypercoagulable states that then cause thromboembolism.^[@r6]^ In these cases and, in certain patients with particularly elevated thromboembolic risk factors, AF burden may not be the critical determinant for thromboembolic risk.

Future studies investigating anticoagulation for atrial high-rate episodes {#s7}
==========================================================================

Although multiple studies have demonstrated an association between short AHREs and increased thromboembolic risk, it is not clear how to manage patients who only have subclinical AHREs detected on CIEDs (excluding those with cryptogenic stroke where it is accepted that anticoagulation would be warranted). As noted above, there has not been a clear and consistent temporal association between these subclinical AHREs and thromboembolism and further investigations into whether or not treatment of these episodes with anticoagulation are planned.

The Apixaban for the Reduction of Thromboembolism in Patients with Device-detected Subclinical AF (ARTESiA) trial (NCT01938248) is a prospective, multicenter, double-blind, randomized controlled trial recruiting patients with any subclinical AF (defined as an AF episode lasting more than six minutes but less than 24 hours) on a CIED (eg, pacemaker, ICD, ILR) and additional stroke risk factors as defined by the CHA~2~DS~2~-VASc criteria. Notably, patients with prior documented clinical AF or long episodes of subclinical AF will be excluded and patients with prior thromboembolic events will not be excluded from enrollment, respectively. Anticipated enrollment is approximately 4,000 patients. Subjects will be randomized in a 1:1 ratio to aspirin or apixaban in a blinded manner. The primary endpoint of the study is a composite of stroke or systemic embolism.^[@r46]^

Similarly, the Non-vitamin K Antagonist Oral Anticoagulants in Patients with AHREs (NOAH-AFNET 6) trial (NCT02618577) is a randomized study comparing the composite outcome of stroke, systemic embolism, and cardiovascular death in patients with subclinical AF (episodes lasting more than six minutes but without clinically detected AF on a 12-lead ECG) noted on a pacemaker or ICD and additional thromboembolic risk factors. Patients will be randomized to receive treatment with edoxaban or no anticoagulation. Estimated enrollment is approximately 3,400 patients.^[@r47]^

Remote monitoring to guide anticoagulation in patients with atrial fibrillation---"tailored anticoagulation" {#s8}
============================================================================================================

Although our understanding of the mechanistic links between AF burden and stroke remain incomplete, based on the above concepts, several trials have aimed to utilize advances in remote monitoring to help guide dynamic use of anticoagulation based on a patient's AF burden ("tailored anticoagulation"). The concept of tailored anticoagulation is therefore based on the idea that, in select patients with low-to-moderate thromboembolic risk factors, and during prolonged periods of sinus rhythm or in the setting of a very low burden of AF, the risk of thromboembolism is sufficiently low such that continuous anticoagulation is not warranted and, that, during these periods, the patient is exposed to the risks of continuous anticoagulation without a significant benefit in reducing AF-related thromboembolism. Based on the use of DOACs with an onset of action in hours instead of in days as would be expected with warfarin and, with the availability of CIEDs with remote monitoring capabilities, it should therefore be possible to anticoagulate patients promptly around episodes of AF while avoiding the need for anticoagulation when AF is not present.

The Randomized Trial of Anticoagulation Guided by Remote Rhythm Monitoring in Patients With ICD and Resynchronization Devices (IMPACT) multicenter study was the first investigation into tailored anticoagulation. This study did not require a diagnosis of AF for enrollment and also allowed the inclusion of patients with any CHADS~2~ score, including high-risk individuals. As a result, the burden of AF, which prompted the initiation of anticoagulation with warfarin (as the study took place before the widespread availability of DOACs), and the duration of anticoagulation use after AF diagnosis varied based on the CHADS~2~ score. Unfortunately, the IMPACT study was discontinued prematurely due to an absence of benefit.^[@r48]^ In retrospect, this study likely failed due to low rates of AF (only 264 out of 2,718 patients had AF during the study); low rates of thromboembolism (only 69 patients experienced a thromboembolic event); and the fact that warfarin was the primary method of anticoagulation, with a suboptimal time in therapeutic range of approximately 59%.^[@r49]^

More recent pilot studies using DOACs in low- to-intermediate risk patients with a low burden of AF, however, have shown more promising results. The Rhythm Evaluation for Anticoagulation with Continuous Monitoring (REACT.COM) pilot study was a multicenter single-arm study that enrolled 59 patients (mean age: 67 years ± eight years, 75% male, mean CHADS~2~ score: 1.3 ± 0.5) with implanted Reveal XT™ (Medtronic, Minneapolis, MN, USA) ILRs; nonpermanent AF on a DOAC (apixaban, dabigatran, or rivaroxaban); and a CHADS~2~ score of 1 to 2. Patients could only be enrolled if they had no episodes of AF lasting more than one hour in the two months prior to enrollment. Time on anticoagulation and rates of bleeding and stroke were assessed. Patients made daily remote transmissions using their ILR to assess for AF episodes. After a 60-day run-in with no AF episodes lasting one hour or more, anticoagulation was discontinued and aspirin was started. DOACs were continued or restarted for 30 days following any AF episodes lasting one hour or more.

During 466 ± 131 mean days of follow-up, there were 24,004 ILR transmissions, representing 98.7% compliance with the study protocol. A total of 35 AF episodes lasting one hour or longer occurred in 18 (31%) patients, resulting in 1,472 days on anticoagulation. This represented a 94% reduction in the time on anticoagulation as compared with continuous anticoagulation regardless of AF burden. Two traumatic major bleeds occurred during the trial, both of which happened while patients were on aspirin therapy alone. No strokes or deaths occurred. One "definite" and two "possible" transient ischemic attacks were observed; all three of these patients were not on anticoagulation at the time of their respective neurologic events and all three had no significant AF episodes around the time of diagnosis.^[@r50]^

The Tailored Anticoagulation for Noncontinuous AF (TACTIC-AF) pilot study was a similar multicenter randomized controlled study of remote monitoring via dual-chamber pacemakers and ICDs to allow for the intermittent use of DOACs in patients with paroxysmal AF and a CHADS~2~ score \< 3. Inclusion criteria included a low burden of AF (\< 30 minutes per day and less than six continuous minutes per episode for ≥ 30 days before enrollment as documented on pacemaker or ICD). Patients were randomized to a device-tailored treatment arm or control arm, the latter of which was continuous anticoagulation regardless of AF burden. Those assigned to device-tailored treatment sent twice weekly and AF-alert transmissions to their physicians. Patients were able to discontinue anticoagulation after 30 days of freedom from both a single AF episode of six minutes or more and a total daily AF burden of six hours or more. The tailored anticoagulation arm experienced a 74.6% reduction in time on anticoagulation as compared with standard of care with no reported transient ischemic attacks or strokes. There were two hemorrhagic events each in the control arm (n = 16) and the interventional arm (n = 48), although none of these four patients were on anticoagulation at the time of bleeding.

The results of the REACT.COM and TACTIC-AF pilot studies demonstrate the feasibility and overall safety of tailored anticoagulation in patients with a low burden of AF and low-to-intermediate thromboembolic risk factors. A recent analysis of the REACT.COM data has also demonstrated that tailored anticoagulation can be cost-effective.^[@r51]^ It is important to note that these two studies were very small and underpowered to detect adverse outcomes such as stroke and that larger randomized controlled trials are needed before tailored anticoagulation can be adopted into routine clinical practice. Further study of tailored anticoagulation is warranted.

Limitations of remote monitoring for atrial fibrillation and tailored anticoagulation {#s9}
=====================================================================================

Current-generation pacemakers and ICDs primarily detect AF by measuring the rate of atrial activation at the position of the right atrial lead and comparing it with a cutoff (usually approximately 190--200 bpm). Rate-related detection is utilized because localized right atrial activation during AF can often be quite regular, even when the surface ECG demonstrates true AF. As a result, all detected AHREs may not represent AF; some could represent organized atrial tachycardias/flutters or other reentrant supraventricular tachycardias. Current-generation ILRs (and some newer single-chamber ICDs) do not have the ability to assess atrial activity and therefore rely on irregularity of RR intervals to define episodes of AF.^[@r21]^ This can result in both false positives (due to frequent atrial/ventricular ectopy) or false negatives (if ventricular rates are relatively regular or if the patient is in a more organized atrial flutter without variable atrioventricular conduction). Noise, electromagnetic interference, or oversensing can also cause false detection of AHREs. Therefore, due to these limitations, in general, AHRE electrograms need to be adjudicated to ensure that they are consistent with AF and not another arrhythmia or a false-positive detection. As future technology and detection algorithms improve, review/adjudication of electrograms will likely become less important. Additionally, the Reveal XT™ (Medtronic, Minneapolis, MN, USA) ILR used in the REACT.COM trial can take up to two minutes to define an episode as AF, depending on how irregular it is. Some short episodes of AF may therefore be missed by ILRs versus by pacemakers or ICDs.

Although the cost-effectiveness of tailored anticoagulation in the REACT.COM study has been shown to be favorable,^[@r51]^ tailored anticoagulation is likely associated with significant indirect costs that have not yet been well-quantified. These indirect costs are primarily related to the time and additional personnel required to ensure that all patients are transmitting device data on a regular basis and that their devices are actively communicating with the clinic, with the need to quickly inform patients if they have any AF detected, and with the time required for clinicians to review electrograms to confirm AHRE detections represent AF. However, as AF detection algorithms improve and as CIEDs increase integration with smartphones and other personal device applications, these costs are expected to decrease over time.

Conclusion/future directions {#s10}
============================

Despite the high prevalence of AF and a clear benefit associated with anticoagulation in patients with clinically manifest AF, it remains unclear how to optimally treat patients with short, subclinical device-detected AHREs. The optimal cutoff point for treating these episodes also remains unknown. Data suggest, however, that continuous AF episodes lasting more than a few hours but less than 48 hours are associated with increased thromboembolic risk, with the absolute risk likely modulated by individual patient risk factors. Studies investigating the treatment of these short, subclinical AHREs are currently enrolling patients.

The currently accepted approach to anticoagulation in AF is incomplete and contradictory. AF burden does not factor in the decision to anticoagulate for AF, yet AF episodes lasting up to 48 hours are thought to be associated with a thromboembolic risk that is low enough to defer transesophageal echocardiogram prior to cardioversion. Recent data, however, have challenged this cornerstone principle of AF management. The availability of continuous atrial arrhythmia monitoring with automatic remote transmission of arrhythmia data and rapidly acting oral anticoagulants has allowed the concept of tailored anticoagulation, wherein some lower-risk patients with a relatively low burden of AF may be able to safely start and stop oral anticoagulation based on their AF burden, to emerge. Preliminary data suggest that tailored anticoagulation is feasible and safe. Further studies will be required, however, before it can be adopted into routine clinical practice.

![Remote transmission of arrhythmia data. Reproduced with permission from Zimetbaum et al.^[@r52]^](icrm-09-3116-g001){#fg001}

![Thromboembolic risk stratified by AF duration and CHADS~2~ score. An assessment of AF burden and thromboembolic risk factors as assessed by the CHADS~2~ score separated patients into two groups with significantly different thromboembolic risks (0.8% versus 5.0%). The columns correspond with CHADS~2~ scores (0, 1, 2, and ≥ 3, respectively) and the rows correspond with AF duration over the course of 24 hours (none, more than five minutes, and 24 hours continuous, respectively). Pts: patients. Reproduced with permission from Botto et al.^[@r35]^](icrm-09-3116-g002){#fg002}

###### 

Studies Demonstrating a Correlation Between AF Burden/AHREs and Stroke or Systemic Embolism

  Study                      Number of Patients   Study Type                                                                                                 AF Monitoring                 Follow-up            Outcomes   
  -------------------------- -------------------- ---------------------------------------------------------------------------------------------------------- ----------------------------- -------------------- ---------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Glotzer et al.^[@r33]^     312                  Secondary analysis of multicenter RCT (MOST)                                                               Dual-chamber PPM              27 months (median)   •          Ten patients (3.2%) developed stroke
                                                                                                                                                                                                                •          AHREs lasting five minutes or longer were associated with an HR of 2.79 for death or nonfatal stroke (p = 0.0011)
  Capucci et al.^[@r34]^     725                  Prospective registry (AT500 Registry)                                                                      Dual-chamber PPM              22 months (median)   •          Fourteen patients (1.9%) developed a thromboembolic event (11 were stroke or TIA)
                                                                                                                                                                                                                •          AF episodes lasting \> 24 hours were associated with adjusted HR of 3.1 for thromboembolic event (p = 0.044)
                                                                                                                                                                                                                •          AF episodes lasting between five minutes and 24 hours were not associated with a significant increase in thromboembolic risk
  Botto et al.^[@r35]^       568                  Prospective observational study                                                                            Dual-chamber PPM              1 year               •          Fourteen patients (2.5%) developed stroke or systemic embolism
                                                                                                                                                                                                                •          When patients were stratified into multiple groups based on CHADS~2~ score (0, 1, 2, or ≥ 3), and duration of AF episodes (\< 5 minutes, 5 minutes to 24 hours, and 24 hours continuously) was more than 24 hours, this allowed the selection of two patient populations with significantly different annual rates of thromboembolic events (0.8% versus 5.0%)
                                                                                                                                                                                                                •          Patients with a high CHADS~2~ score and any burden of AF and patients with a low CHADS~2~ score and a high burden of AF, respectively, had increased rates of thromboembolism
  Glotzer et al.^[@r36]^     2,486                Prospective observational study (TRENDS)                                                                   Dual-chamber PPM or ICD       1.4 years (mean)     •          Annual thromboembolic risk was 1.1% in patients with no AF, 1.1% in patients with AF episodes lasting \< 5.5 hours (low burden), and 2.1% in patients with AF episodes lasting ≥ 5.5 hours (high burden)
                                                                                                                                                                                                                •          No statistically significant differences in thromboembolic events between the no AF, low-burden, and high-burden groups were found, although the p value was of borderline significance in a comparison between high burden and zero burden (HR: 2.20; p = 0.06)
                                                                                                                                                                                                                •          Thirty-day cumulative AF burden ≥ 10.8 hours showed a trend towards an association with an increased risk of thromboembolism (HR: 2.22; p = 0.06)
  Healey et al.^[@r37]^      2,580                Primary analysis of RCT (ASSERT)                                                                           Dual-chamber PPM or ICD       2.5 years (mean)     •          The annual rate of thromboembolism was 1.69% in patients with atrial tachyarrhythmia episodes lasting more than six minutes as compared with 0.69% in patients with episodes lasting less than six minutes (HR: 1.76; p = 0.05)
                                                                                                                                                                                                                •          For the longest atrial tachyarrhythmia \< 17.7 hours, the annual rate of stroke or systemic embolism was 1.2%
                                                                                                                                                                                                                •          For the longest atrial tachyarrhythmia \> 17.7 hours, the annual rate of stroke or systemic embolism was 4.9%
  Shanmugan et al.^[@r38]^   560                  Secondary analysis of two prospective, multicenter, observational studies (Home CARE and everesT)          Biventricular PPM or ICD      370 days (median)    •          Eleven patients (2%) experienced thromboembolic events
                                                                                                                                                                                                                •          AHREs ≥ 3.8 hours/day were associated with an HR of 9.4 (p = 0.006) for stroke or systemic embolism as compared with in patients without arrhythmia
  Boriani et al.^[@r39]^     10,016               Pooled analysis of three prospective studies (TRENDS, PANORAMA, and Italian ClinicalService^®^ Registry)   PPM or ICD with atrial lead   24 months (median)   •          Ninety-five patients (0.39%/year) experienced stroke or systemic embolism
                                                                                                                                                                                                                •          AF burden was independently associated with thromboembolism at multiple cutoff points
                                                                                                                                                                                                                •          AF episodes lasting more than one hour were associated with an HR of 2.11 (p = 0.008) for ischemic stroke
                                                                                                                                                                                                                •          AF episodes lasting more than five minutes were associated with an HR of 1.76 (p = 0.041) for ischemic stroke
                                                                                                                                                                                                                •          For every hour of AF in a 24-hour period, the relative risk for stroke increased by 3%
  Witt et al.^[@r40]^        394                  Prospective, single-center, observational study of CRT patients in Denmark                                 Biventricular PPM or ICD      4.6 years (median)   •          Thirty patients (7.6%) experienced thromboembolic events
                                                                                                                                                                                                                •          Patients with AHREs lasting more than six minutes were associated with a 3.1%/year risk of thromboembolism as compared with a 1.4%/year risk in patients with no AHREs or AHREs lasting less than six minutes in duration
                                                                                                                                                                                                                •          The presence of AHREs lasting more than six minutes was associated with an HR of 2.30 (p = 0.028) for thromboembolism
                                                                                                                                                                                                                •          Thromboembolic risk of AHREs persisted after adjustment for CHA~2~DS~2~-VASc score (HR: 2.52; p = 0.015)
                                                                                                                                                                                                                •          AHREs lasting longer than 24 hours were associated with an even higher thromboembolic risk (HR: 3.13; p = 0.023)
  Swiryn et al.^[@r41]^      5,379                Prospective, multi-center registry (RATE)                                                                  Dual chamber PPM or ICD       2 years              •          Defined AHRE as three or more premature atrial contractions; "short" episodes had both onset and offset within the same electrogram strip, while "long" episodes had onset and offset that were not on the same electrogram strip. No specific time definitions for AHREs were used, with "long" episodes usually lasting \> 20 seconds.
                                                                                                                                                                                                                •          "Short" AHREs were not associated with an increased risk of stroke/TIA (HR: 0.87; p = 0.51)
                                                                                                                                                                                                                •          "Long" AHREs were associated with an increased risk of stroke/TIA (HR: 1.51; p = 0.03)

AF: atrial fibrillation; AHRE: atrial high-rate episode; RCT: randomized controlled trial; PPM: permanent pacemaker; HR: hazard ratio; TIA: transient ischemic attack; ICD: implantable cardioverter-defibrillator; CRT: cardiac resynchronization therapy. Adapted with permission from Zimetbaum et al.^[@r32]^

[^1]: \*These authors are to be considered co-first authors for this work.
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